Dragonflies are masters of using the ipsilateral wing-wing interaction for different kinds of flying modes. It has been discovered that the phase difference between ipsilateral forewings and hindwings plays important role on wing aerodynamic performance. In the current study, we continue our research of a modeled dragonfly in slow flight (Liang and Dong (2009) 
I. Introduction
t's commonly to see the bilateral and ipsilateral wing-wing interactions in insect flights. As the representative example of ipsilateral wing-wing interaction, dragonflies in flight have been widely studied (Azuma et. al. 1985 (Azuma et. al. , 1988 Liang et al. 2009 ). Dragonflies are able to individually control all four wings. This gives them unique flying capabilities comparing with other insect species. They can hover, speedily fly and agilely maneuver in any direction. This functionally four-winged insect (Maybury et al. 2004; Wang et al. 2003) can actively change wing kinematics in a single wing and actively control the phase difference between forewing and hindwing during the stroke cycles (Wakeling, 1993) . In phase-shift flights, the phase difference between its ipsilateral forewings and hindwings varies with a range of 54-100° (Lehmann, 2008) . It is also able to change the phase difference to 0° for take-off and up to 180° for hover flight (Lehmann, 2008) . In slow flight, the complex wake structures produced by the forewing would affect the aerodynamic performance of the hindwing (Azuma et al. 1985 (Azuma et al. , 1988 Liang et al. 2009 ). Continuous flow visualization studies on vortex dynamics and associated the force production are needed to look at the effect of phase-difference in different flying modes of a dragonfly.
To this end, we continue the direct numerical simulation studies of a modeled Aeshna juncea in slow flight (Azuma et al. 1985; Liang et al. 2009 ) by keeping the same dragonfly kinematics while changing the phase differences between forewings and hindwings. Phase-shift flight, wing-wing interaction, wing-wake interaction, and associated unsteady aerodynamics are of particular interests in this paper.
II. Results
A second-order finite-difference based immersed-boundary solver (Dong et al. 2006 , Mittal et al. 2008 ) has been developed which allows us to simulate flows with complex immersed 3-D moving bodies. The method employs a second-order central difference scheme in space and a second-order accurate fractional-step method for time advancement. Code validations and details of numerical methodologies can be found in Mittal et al. 2008 and Liang et al. 2009 .
In this section, a sequence of computational studies are set to explore the aerodynamic performance of a modeled dragonfly (Aeshna juncea) in slow flight due the effect of phase difference between forewings and hindwings are presented. Model configuration and kinematics approach are discussed first. Following this, aerodynamics performance of dragonfly hindwings and associated the wake topology due to phase difference of wing-wing interaction are examined.
A. Model Configuration and Kinematics Modeling Approach
In this paper, we employ a model of an Aeshna juncea (Figure 1(a) ) for the computation study of a dragonfly in flight. As shown in the Figure 1 (a), the computation model includes two pairs of identical wings and a body. The morphological geometries of the body and wings are represented by surface mesh with triangular elements, which will capture most details of the real body and wing shapes of the dragonfly in Figure 1 o to the x-axis. In this paper, we are particularly interested in the phase difference between forewings and hindwings. The phase difference is the in following formula for controlling stroke angle for forewings (f) and hindwings (h):
. with an inclined angle 45 o . This indicated the both lift and thrust maybe enhance after the interaction. Figure 4 shows the time histories of lift and thrust for both forewings and hindwings for above cases. Figure 4 (b) and 4(d) prove the lift and thrust enhancements instantaneously after the interaction at t/T = 0.4 for Δδ = 77 o , dash-dot lines versus solid lines. However, there are decrease of lift of hindwings and significant increase of thrust after the interaction from t/T = 0.5 to 0.8. Table 1 shows the comparison of force integration over a period between these two cases.
The thrust has been increased about 42% due to the interaction with forewings, meanwhile, the lift has been reduced by 35.8%. This is because in order to maintain this slow forward flight, the amount of thrust produced by dragonfly wings is as important as the amount of lift. Hindwings here are mainly for thrust production. 
Effect of Phase-difference in Wing-Wing Interactions
The objective of this set of simulations is to examine the effects of phase-difference between forewings and hindwings on the aerodynamic performance during wing-wing interactions. We take the assumption here to keep the forewing and hindwing maintaining the same kinematics but changing the phase angle difference Δδ during the stroke. In this paper, we only limit our discussion by comparing the case of Δδ = 77 o discussed in previous section with the case of Δδ = 54 o and 100 o respectively. This is because these two angles have been commonly considered as the range of phase angle difference between forewings and hindwings for phase-shift flight in dragonfly fight (Lehmann 2008 ). Figure 4 shows the time history of lift and thrust productions of forewings and hindwings among all phase differences. From the comparison in Figure 4 (a) and 4(c), force production of forewings do not have much differences, which agrees with what we observed in previous section that the hindwings has minimum effect on the forewings due to slow light moving to up-left direction. However, when the phase difference reduced to 54 o , the lift production of hindwings has larger instantaneous peak before and after the interaction (Figure 4(b) ) and thrust production of hindwings was enhanced more than other two phase angles. This can be observed in Figure 5 o is much stronger than that for Δδ = 100 o before the interaction and the downstream wake structure is more patterned as an inverse Karman vortex street for Δδ = 54 o than that for Δδ = 100
o . This implies the larger lift production before the interaction for the case of Δδ = 54 o and larger thrust enhancement due to the far field vortex street. Table 2 shows the comparison of force productions at hindwings due to different phase angle difference between forewings and hindwings. Interesting finds here are the trend of thrust producing along with the change of phase difference. It's increased when Δδ decreases while the root-mean-square (rms) thrust and lift are both increased. This implies that in order to gain larger force production, dragonfly intends to use smaller phase difference to obtain instantaneous force production and consume more energy due to larger rms force values. This matches with the observation of dragonfly in flight, take-off dragonfly intends to use in-phase wing motions and hovering dragonfly uses large phase difference up to 180 o to produce minimum forces (lift only) while minimizing the energy consumption.
III. Summary
Wing-wing interaction between ipsilateral forewings and hindwings in dragonfly slow flight has been investigated by studying the near and far filed wake structures induced by both forewings and hindwings and associated aerodynamics performance. Results show that with the wing-wing interactions, performance of forewings is not affected by the existence of hindwings, however, hindwings have obvious thrust enhancement and lift reduction due to the existence of forewings. For this slow flight, by decreasing the phase angle difference, hindwings will have larger thrust production, slight reduction of lift production, and larger oscillation of force production. Vortex-street patterned downstream wake structures can be observed at smaller phase difference.
